A spectrum of limb abnormalities ranging from adactyly, syndactyly, acrosyndactyly to nail hypoplasia was encountered in mouse embryos subjected to amniotic sac puncture at the corresponding gestational stage when human chorionic villus sampling (cvs) would normally be performed clinically. Previous skeletal studies revealed that, apart from the occasional incidence of fusion of 2 distal phalanges, syndactyly usually only affected the soft tissues within the interdigital spaces. A similar situation was also observed in cases of adactyly ; while the skeletal elements of the digits were present, the soft tissues in the interdigital spaces failed to separate. A transient period of bradycardia is induced, possibly secondary to compression of the embryo by the extraembryonic membranes and uterine muscles following amniotic sac puncture. These factors, we believe, produce temporary hypoxia\ischaemia of the distal extremities, and may lead to the modification of the interdigital mesenchymal tissues within the autopods. In order to investigate the mechanism(s) underlying soft tissue syndactyly, limbs recovered at 0n5, 4, 8, 12, 24, or 36 h following amniotic sac puncture (ASP) were examined histologically. Vascular disruption in the form of localised areas of haemorrhage, vascular dilatation and congestion and the presence of fluid-filled cavities occurred in relation to the marginal vein and vascular plexus in the interdigital spaces. It is hypothesised that this interfered with the normal equilibrium of the preset programs of mitosis\cell death and apoptosis within the mesenchymal cells of the interdigital spaces. Apoptosis in these areas was inhibited in the majority of the experimental limbs analysed 4 h after ASP. Instead of undergoing necrosis\apoptosis, increased mitotic activity was usually observed from 8 h following ASP at the sites where apoptosis would normally be expected to be seen. The aberrant fate of the interdigital mesenchyme following ASP and the underlying mechanism(s) involved are discussed, as is the critical importance of an adequate vascular supply to the interdigital spaces during the morphogenesis of the autopod. We believe that this report contributes to understanding the mechanism(s) which lead to syndactyly following ASP, and the limb defects occasionally seen following cvs when this is undertaken during early gestation.

Chorionic villus sampling (cvs) is a method of obtaining placental samples for genetic analysis during the first trimester of pregnancy. Several multiple centre studies were conducted to compare its safety and efficiency with amniocentesis. The early findings suggested that cvs might induce a slightly higher incidence of fetal loss, though in all other respects the risks involved were similar (Canadian Trial, 1989 ; Rhoads et al. 1989 on the Evaluation of Chorionic Villus Sampling, 1991) . Firth et al. (1991 a) , however, subsequently reported that 5 cvs-exposed infants possessed severe limb and craniofacial abnormalities out of 289 in their study ; 4 displayed features of the oromandibular-limb hypogenesis syndrome (OMLHS) while the other displayed a terminal transverse limb reduction defect. All had a normal chromosome constitution. When the incidence of limb and craniofacial abnormalities in their study (1n7 %) is compared with the spontaneous incidence of OMLHS syndrome in the general population (1 in 175 000 live births (Froster-Iskenius & Baird, 1989 ; Froster & Baird, 1992) ), Firth et al. 1991 a) raised the possibility that cvs itself could have been responsible for the induction of these abnormalities. Numerous reports appear to confirm their hypothesis (Planteydt et al. 1986 ; Christiaens et al. 1989 ; Kaplan et al. 1990 ; Editorial, 1991 ; Hsieh et al. 1991 Hsieh et al. , 1995 Mahoney, 1991 ; Mastroiacovo and Cavalcanti, 1991 ; Rodriguez & Palacios, 1991 ; Brambati et al. 1992 ; Burton et al. 1992 Burton et al. , 1993 Kuliev et al. 1992 ; Mastroiacovo et al. 1992 ; Firth et al. 1994 ; Gruber & Burton, 1994 ; Mastroiacovo & Botto, 1994 ; Olney et al. 1995 ; Botto et al. 1996) .
The characteristic features seen in the most severe examples of the OMLHS syndrome after exposure to cvs are cleft palate, cleft lip, microglossia, micrognathia, abdominal wall defects, brainstem infarction and a wide variety of limb abnormalities (for references see above). In all these clinical studies, the full spectrum of limb abnormalities was observed, ranging from, in the most severe cases, transverse limb reduction defects, through soft tissue syndactyly, brachysyndactyly and adactyly to nail hypoplasia in the least affected infants.
Various hypotheses have been proposed to account for the pathogenesis of the abnormalities observed in the OMLHS syndrome following cvs such as, for example, compression of the embryo by the extraembryonic membranes and the uterine muscle following the inadvertent rupture of the amniotic sac during cvs (Shepard et al. 1991) . It has been suggested that the latter might lead to immobilisation and postural remodelling of the embryo. While the cleft lip, cleft palate, and abdominal wall defects observed might have a postural basis, it has been hypothesised that the mechanism which leads to limb abnormalities may have a direct or indirect vascular aetiology (Firth et al. 1991 b ; Burton et al. 1992 ; Brent, 1993 ; Report of NICHHD Workshop, 1993 ; Kaufman, 1994) .
Alternatively, damage to the sampling site by the cvs procedure could induce the release of vasoactive peptides into the fetal circulation (Firth et al. 1991 b) . Equally, fetal blood loss, or thrombus formation within vessels in the vicinity of the biopsy site, could result either in fetal hypotension, or embolisation, hypoperfusion and anoxia of the extremities. Hoyme et al. (1982) reported the cases of 4 infants with spontaneous limb reduction defects which may have resulted either from thrombus formation within the placental bed, or spontaneous rupture of the amnion. Quintero et al. (1992) , using embryoscopy, have so far provided the only direct evidence of a possible association between placental trauma and haemorrhagic lesions in human fetal limbs, although no obvious limb defects were subsequently noted as a consequence of the latter procedure.
It has also been hypothesised (see earlier) that inadvertent rupture of the amnion might occasionally occur during cvs, resulting in oligohydramnios and compression of the embryo by the extraembryonic membranes and uterine muscle, with resultant hypoperfusion and hypoxia of tissues (Kaufman, 1994) . Others have suggested that entrapment of one or more of the extremities might occur in the exocoelomic gel with resultant ischaemia and subsequent necrosis of tissues (Shepard et al. 1991) . The exocoelomic gel is said to be present within the transient space located between the amnion and chorion, which is obliterated at about 56-63 d of gestation.
A transient period of bradycardia has been noted both in human studies following cvs (N. Ginsberg, personal communication, cited by Firth et al. 1991 b) and in experimental animal studies (rat : Houben, 1984 ; mouse : Chang and Kaufman, 1997) . Chang & Kaufman (1997) studied the heart rate in mouse embryos following amniotic sac puncture in 3 groups : embryos exposed to an anaesthetic only, embryos exposed to both an anaesthetic and amniotic sac puncture, and embryos exposed to neither of these procedures (i.e. the ' external ' or nonexperimental control group). They confirmed that a transient period of bradycardia occurred in only the first 2 of these 3 groups with an additional delayed recovery in heart rate of about 1n5-2 h in the second compared with the first group, and suggested that this finding might be an indirect cause of the limb abnormalities observed in embryos following experimentally-induced amniotic sac puncture.
Craniofacial defects similar to those observed in the OMLHS syndrome can be induced in rat fetuses by vascular disruption (Brent & Franklin, 1960 ; Brent, 1990) , and limb defects were also induced following uterine trauma and clamping of the uterine arteries for 45 min (Webster et al. 1987) . Similar findings were also observed when amniotic sac puncture was induced experimentally, with or without active withdrawal of amniotic fluid, at comparable gestational ages to those when cvs would normally be performed clinically (mouse : Trasler et al. 1956 ; Walker, 1959 ; rat : Poswillo & Roy, 1965 ; Poswillo, 1966 Poswillo, , 1968 Kendrick & Feild, 1967 ; DeMyer & Baird, 1969 ; Love & Vickers, 1972 ; Singh & Singh, 1973 ; Singh et al. 1974 ; Kino, 1975 ; Kennedy & Persaud, 1977 ; Houben, 1980 Houben, , 1984 Houben & Huygens, 1987 ; MacIntyre et al. 1995) . The findings from these studies also indicated that vascular disruption was the most plausible explanation for the lesions observed. Cutaneous bruising ranging from mild petechiae to severe ecchymoses were noted on the head and trunk region, and\or on the limbs of experimental embryos, and appeared between 15 min and 48 h following amniotic sac puncture. Histological analyses of ecchymotic regions of rat embryos have been carried out immediately after and at intervals following amniotic sac puncture, and have noted that within 2-3 min of carrying out this procedure, endothelial tears were observed within the marginal vein in the interdigital regions as well as between the apical ectodermal ridge and its underlying mesenchymal tissues. Within 30 min, nonspecific effects, such as venous congestion, vascular blebs and periendothelial oedema, were first observed, though precartilaginous mesodermal condensations within the autopod did not appear to have been affected. At later times after experimental intervention, haemorrhages were observed in some of the interdigital areas of the affected limbs (Love & Vickers, 1972 ; Singh & Singh, 1973 ; Kennedy & Persaud, 1977 ; Houben, 1984 ; Houben & Huygens, 1987) ). Thus the possibility exists that vascular disruption, secondary to a transient period of bradycardia, might play a role in inducing the limb abnormalities observed following amniotic sac puncture.
Skeletal studies of affected limbs in children and in advanced fetuses of experimental animals, analysed either by radiography (Kino, 1975) , histology (Love & Vickers, 1972 ; Houben, 1984) or using whole-mount double-staining techniques (Chang et al. 1996) have revealed that syndactyly exclusively involves the soft tissues. In the mouse, for example, even in examples of adactyly, all of the skeletal elements were seen to be present (Chang et al. 1996) . Syndactyly, therefore, in these cases appears exclusively to be due to the failure of separation of the soft tissues, which is a normal prerequisite associated with digit formation.
To our knowledge, no mouse limbs previously subjected to amniotic sac puncture have been evaluated histologically. We therefore wished to compare our findings with those reported previously in the rat. While others (see above) included information from the analysis of the limbs of dead embryos, such embryos were excluded from the present study. We were particularly interested in the fate of the cellular components within the interdigital zone. At the time when amniotic sac puncture is carried out, the autopod contains 2 types of tissues : the digital rays which largely consist of precartilaginous tissue derived from mesenchymal cells which are undergoing cytodifferentiation to form the cartilaginous digital skeleton, and mesenchymal cells within the interdigital zones which remain in an undifferentiated state until most are removed following their physiological cell death (Garcia-Martinez et al. 1993) . Since most of the digital anomalies observed following amniotic sac puncture in our model consisted of either syndactyly or adactyly, involving exclusively the tissues within the interdigital zones, we have previously proposed various hypotheses to explain the underlying mechanism(s) involved in the induction of these abnormalities (Chang et al. 1996 ; Chang & Kaufman, 1997) . The abnormalities observed might have resulted from reduced\absent physiological cell death, increased cell proliferation (mitosis), or have resulted from the influence of the growth factors which had been brought to the interdigital areas by macrophages when removing necrotic cells. Alternatively, syndactyly\adactyly might result as a consequence of maintenance of the undifferentiated status of mesenchymal tissues in areas in which apoptosis failed to occur. In our mouse model, the incidence of syndactyly\adactyly was greater than 37 % (MacIntyre et al. 1995) in the viable embryos, and thus provides us with a reliable system for studying cell death and mitotic activity in the interdigital zones in the experimental material and exploring the underlying mechanisms involved in the induction of digital abnormalities observed following amniotic sac puncture.
  
Virgin (C57BLiCBA)F " hybrid female mice aged between 8 and 10 wk were caged overnight with (C57BLiCBA)F " hybrid males. The presence of a vaginal plug the following morning (termed d 1 of pregnancy) was taken as evidence of mating. All mice were kept under controlled environmental conditions (temperature 20 mC ; relative humidity approximately 50 %) and fed a standard pelleted diet (Bantin & Kingman) with water available ad libitum.
Three groups of pregnant mice were studied : (1) an ' external ' control group ; (2) an ' internal ' control group ; and (3) the experimental group. In group 1, pregnant mice which had not been subjected either to an anaesthetic or amniotic sac puncture were autopsied and their embryos collected at specific times during gestation, in order to provide baseline information relevant to these times. For groups 2 and 3, females were given a general anaesthetic (an intraperitoneal injection of 0n016 ml of a 2n5 % solution of Avertin) in normal saline per gram of body weight (Hogan et al. 1986 ) at about 10 a.m. on d 13 of gestation. A midline laparotomy incision was then performed and one of the uterine horns exteriorised and the embryos exposed to amniotic sac puncture (the experimental group 3), while embryos in the contralateral horn were undisturbed, the embryos within it acting as ' internal ' controls (group 2). No attempt was made to select either the right or left uterine horn, the most easily accessible horn being exteriorised on each occasion, as we have previously reported in a more extensive series that the ratio of left : right horns using this approach is close to unity (Chang et al. 1996) . The ovary belonging to the ' experimental ' side, was identified, and the number and location of embryos and resorption sites recorded. The tip of a 21 gauge needle (external diameter 0n65 mm) was passed through the wall of the uterus in the location of each gestational sac on the selected side, avoiding the location of the placenta and major yolk sac blood vessels, and allowed to enter the amniotic sac, care being taken to avoid contact between the tip of the needle and the embryo. The needle was then withdrawn, allowing an uncontrolled amount of amniotic fluid to leak out. The uterine horn was then replaced in the abdomen, and the abdominal wall was closed in layers.
At 0n5, 4, 8, 12, 24, or 36 h after the amniotic sac puncture (hjASP) procedure, the mice were killed by cervical dislocation. The uterine horns were removed and the embryos dissected from within their extraembryonic membranes and separated into ' internal ' control and ' experimental ' groups according to the operating records. Only embryos that were alive at the time of isolation were studied further. For the ' external ' control group, time zero was taken as 10.00 on d 13 of gestation. In the experimental group, the exact timing in hours after ASP is provided in the form of (hjASP), while in the ' internal ' control group, a similar system applies.
From each time group, the experimental and control embryos from more than 1 litter were fixed and their left fore and hindlimbs were isolated and embedded in paraffin wax and serially sectioned. Histological processing involved the fixation of specimens in Bouin's solution for 10-24 h according to the age of the embryos and stored in 70 % alcohol until required, following standard protocols (Kaufman, 1992) . Fore and hindlimbs from the left side, which we have previously reported generally display a slightly higher incidence of abnormalities on d 19 of gestation than limbs from the right side (MacIntyre et al. 1995) were removed for appropriate processing. For all groups, a total of either 4 or 5 experimental and 3 control limbs were available for analysis in each time group. Serial sections in the coronal plane were cut at a nominal thickness of 6 µm and stained with Ehrlich's haematoxylin and eosin (H & E). The sections were examined and representative sections photographed using a Leitz Laborlux K photomicroscope.
While the general incidence of gross limb abnormalities reported previously (MacIntyre et al. 1995) was 22 % (right forelimb), 20 % (left forelimb), 35 % (right hindlimb), and 46 % (left hindlimb) when amniotic sac puncture was carried out during the morning on d 13 p.c., we would expect that the frequency of abnormalities observed at the cellular level would be substantially higher. It is for this reason that we selected the sample sizes for each group indicated above in the expectation that this would provide us with one or more samples from each group which display cellular abnormalities.
The method of analysis of interdigital zones to determine statistical differences between the various control and experimental groups was undertaken as follows. Dividing cells were readily recognised by the appearance of their mitotic figures (Fig. 1 a) . A total of 3 representative histological sections of either interdigital spaces II or III were photographed from each limb. In order to avoid analysing the same cells on more than one occasion, the 1st, 4th and 7th sections from a limb that had been serially sectioned at a nominal thickness of 6 µm were photographed using the i25 objective of a Leitz photomicroscope and printed to a final magnification of i530. Only the interdigital mesenchyme was analysed ; the digital areas, surface epithelium and the immediately subjacent subepithelial mesenchymal tissues were excluded from this analysis. The area of interdigital tissue to be analysed was then measured using a Kontron image analysis system. Three regions measuring the equivalent of 50 µmi50 µm, drawn on a transparent overhead, were randomly placed on the photomicrographs and the total number of intact nuclei within each square was counted (see below). The approach used for the analysis was that formerly described by Tomasch & Malpass (1958) . A knowledge of the number of nuclei scored in the sample squares and the total areas analysed, provides an accurate estimate of the total number of nuclei present in the sample areas analysed. An estimate of the degree of accuracy of this approach was determined by manually counting the total number of nuclei in interdigital spaces from 4 randomly selected limb samples. In these, the estimated incidence was within the range 98-106 % of the value obtained by manually counting all of the nuclei present in the total areas sampled. In addition, a Pearson's χ# test was then applied between the observed and the estimated values. No significant difference was found between these 2 sets of data, accordingly the estimation method described above was used. In this study, between 1500-2500 nuclei were scanned for each limb sample studied. The number of mitotic figures within the total interdigital area on each of the photomicrographs was also determined.
To test whether the mitotic indexes in the control and experimental groups were significantly different, the log likelihood ratio test and the χ# test (see Appendix) were employed (W. Adams, personal communication).
Aspects of cellular morphology in the interdigital zones were examined in this study in order to establish whether there was (1) evidence of vascular disruption, and (2) to determine the incidence of cells in mitosis (i.e. mitotic index), (3) the incidence of apoptotic cells, and (4) the proportion of dead\necrotic cells. Apoptotic cells were easily recognised at the light microscopic level based on the descriptions and illustrations provided in the literature (Saunders et al. 1962 ; Glu$ cksmann, 1965 ; Zakei et al. 1993 ). To distinguish between pyknotic cells (Fig. 1 b) and apoptotic cells ( Fig. 1 c) , histological evidence of the features illustrated by Hopkinson-Woolley et al. (1994) was sought. We have also been guided by the account of necrosis\pyknosis described and illustrated by Burkitt et al. (1993) . As a specific staining technique was not employed to investigate the incidence of apoptosis, the occurrence of these cells could not be unequivocally determined. However, as such cells were readily recognised, because of their characteristic histological morphology, we did not feel able to undertake a detailed morphometric analysis as undertaken with regard to the mitotic activity observed in the digital interspaces (see above), but have instead provided a descriptive account of their incidence in the various groups studied. Equally, although the pyknotic cells were also readily recognised, because of their characteristic histological morphology (see Figure 1 b) , only a descriptive account is provided of their incidence in this study.

While appropriate numbers of fore and hindlimbs from the left side were isolated at each of the time intervals indicated, technical difficulties were encountered which precluded the analysis of the 8 h and 24 hjASP hindlimb samples. Distortion, principally in the form of flexion of the distal region of the footplate in many of the affected limbs meant that it was often not technically possible to obtain sections of the required orientation to display the detailed histological morphology of the digital interspaces. Because hindlimbs at d 13 of gestation develop about 12 h more slowly than forelimbs (Kaufman, 1992) , forelimbs only will be described unless any substantial difference between the fore and hindlimbs needs to be addressed.
Although there is a brief transient episode of bradycardia observed in the ' internal ' control group (Chang & Kaufman, 1997) , the forelimbs from this group were found to be histologically indistinguishable from those of the ' external ' control group. Accordingly, only the ' internal ' control group is described below.
Histological observations
Control series. In the 0n5 h control group, the handplate appears as a pentagon, with precartilaginous cells aligned within the digital rays and undifferentiated mesenchymal cells, associated with the primitive capillary network, located within the Fig. 2 . Representative coronal histological sections through the forelimbs of ' internal ' control and experimental embryos previously subjected to amniotic sac puncture (ASP) at various time intervals before the specimens were isolated and processed ; matched ' internal ' control limbs were isolated at similar times from the contralateral (nonexperimental) uterine horns. All specimens stained with haematoxylin interdigital zones. Immediately subjacent to the surface ectoderm at the distal margin of the handplate, there are 2-3 layers of compactly arranged mesenchymal cells (termed subepithelial mesenchymal tissue in the following text) beneath which is located the marginal vein. By contrast, in the footplate, there are usually 5-6 layers of compactly arranged mesenchymal cells in this location. No indication of gross indentations in the interdigital zones are observed before about 4 h (Fig. 2 a) . In the 8-12 h groups, the precartilaginous cells become increasingly aligned ; by 24 h, the interphalangeal joints also show progressive evidence of differentiation and by 36 h the proximal, middle, and distal phalanges of digits 2-5, and the proximal and distal phalanges of digit 1, are recognised. In the interdigital zones, the undifferentiated mesenchymal cells display no clear evidence of differentiation until physiological cell death supervenes. The exact timing of these events varies between the different interdigital zones, being after about 4 h within the peripheral area, or after 8-36 h within the rest of the interdigital spaces. The depth of the indentation of the interdigital web increases as progressive cell death occurs (Fig. 2 b) . Experimental series. Representative coronal histological sections through the forelimbs of experimental embryos previously subjected to ASP at 30 min (Fig. 2 c) , 4 h (Fig. 2 d ) and 24 h (Fig. 2 e, f ) clearly demonstrate that a progressive reduction in the degree of indentation normally seen in the interdigital zones of matched control limbs occurs. Equally, by 24 h after ASP, the marginal vein is (abnormally) still present in the experimental limbs. At this time it is also possible to recognise gross abnormalities in the shape of the limb (Fig. 2 f ) and the presence of extensive areas of haemorrhagic disruption (Fig. 2 g) .
In the most severely affected of the experimental limbs an extensive necrotic core often associated with haemorrhage and gross tissue disruption was characteristically seen which often obliterated the fine structure of the digital rays and interdigital zones ( Fig. 2 g) ; in some instances, minimal evidence of interdigital indentations are observed. In the majority of the less affected limbs, the whole autopod appeared to become compressed, and this usually resulted in the presence of distorted cartilaginous and, later, skeletal elements, though the gross structure of the digital rays was similar to that seen in the matched control limbs.
The proximal-distal dimensions of the autopod of the experimental limbs were invariably observed to be smaller than those of developmentally matched controls ; though this information was not quantified in the present study, it is planned that this will form the basis of a subsequent report.
The vascular events
Control series. Within the control limbs, the marginal vein initially runs along the peripheral margin of the handplate, being located between the subepithelial mesenchyme and the rest of the mesenchymal tissue of the autopod (Fig. 3 a, b) . As the digits differentiate, the continuity of the marginal vein gradually becomes disrupted at the margins of the interdigital zones, being replaced by about 12 h by a diffuse capillary network which spreads out within the interdigital zones. Although the diameter of the marginal vein remains fairly constant, indirect evidence of an increased blood supply was noted ; the number of blood cells in the marginal vein in the forelimb in the 4-8 h groups increased by a factor of 2-3 as observed in the 12 h group. Nucleated primitive red blood cells are observed within the capillaries, there being no evidence of vascular congestion in either the marginal vein or in the capillary network during this period.
Experimental series. By contrast, in the experimental group, even as early as 0n5 h after ASP the marginal vein was invariably seen to be dilated and appeared to be congested (Fig. 3 c, d ), although it was unclear whether there was evidence of extravasated blood in the interdigital spaces, extending from the marginal vessels towards the base of the digits. The fact that it was often difficult to see the endothelial lining of the primitive capillaries precluded a definitive judgement on this point in most instances. The formation of enormous haematomas in the interdigital spaces appeared to be a late event, as none was found before ASPj36 h, though extensive fluid filled spaces possibly containing serum were sometimes seen in these areas between 4-12 hjASP.
Physiological cell death (apoptosis)
Apoptotic bodies are characterised by their dense, pyknotic nuclei (Arend & Wyllie, 1991 ; also see figures in the Materials and Methods section). These are eventually engulfed by monocyte-derived macrophages (Hopkinson-Woolley et al. 1994) , in the majority of which apoptotic debris is characteristically found. While we fully appreciate that specific stains are now available to demonstrate apoptotic cells unequivocally, it is our view that such cells are readily recognised in standard histological sections, because of their characteristic morphological features. Because of doubts as to the exact incidence of apoptotic cells in the interdigital spaces in our conventionally stained material, this component of our study could not be quantified, and is therefore based on the qualitative assessment of our findings. Control series. During d 13 p.c. in the 4 h, 8 h and 12 h control series when the marginal vein is still intact, clusters of apoptotic bodies were found distal to, and closely associated with the vein. During d 14 p.c., in the 24 h and 36 h groups, as massive cell death occurs in the interdigital space, large numbers of apoptotic bodies are observed in the interdigital zones, initially being seen in the distal part of spaces I and IV, then in spaces II and III. Subsequently, with the progressive loss of interdigital tissue, these bodies, while still found close to the interdigital margin, become more extensively distributed throughout the basal region of the space.
Experimental series. In the experimental autopods apoptotic cells may either be completely absent or dramatically reduced in number compared to those observed in the corresponding areas of control limbs. This reduction in the extent of apoptosis seen is first evident at 4 h after ASP and becomes increasingly obvious over the next 24-36 h. At 24 h after ASP, while the control limb possesses extensive evidence of apoptosis over a wide area in the interdigital space, only a limited number of apoptotic cells can be identified in comparable regions in the experimental limbs. In 3 cases (i2, 12 hjASP ; i1, 36 hjASP), while apoptosis was absent in the distal part of the interdigital spaces, relatively few apoptotic bodies were observed in the proximal part of the interdigital space.
Mitosis
As far as cells in division is concerned, since there was no difficulty encountered in the recognition of mitotic figures, this component of the analysis could readily be quantified. Control series. In the control limbs, extensive evidence of cell division was seen throughout all regions of the autopod, within the surface ectoderm, digital rays and in the interdigital spaces, with the majority of the mitotic ' bodies ' being observed at the digital boundary and in the marginal (distal) part of the interdigital space. The mesenchymal cells within the interdigital spaces continued to divide until increasing evidence of apoptosis was observed, being initially seen in the distal region and subsequently in more proximal locations within the space. The detailed findings from the quantitative analysis of mitotic activity in the various control and experimental time groups studied are shown in Tables 1 and  2 . The mitotic index was high at the beginning of the study (13n16 per 1000 cells at ASPj4 h), and gradually declined to a very low level by the end of the study (2n36 per 1000 cells at ASPj36 h).
Experimental series. Analysis of the mitotic index figures (see Table 2 ) revealed that at 4 h after ASP the mitotic index in the experimental series was significantly lower than in the matched control group. The mitotic activity was then observed to return to control levels in the 8 hjASP group, and finally was observed to be significantly higher in the experimental limbs in the 12 h, 24 h, and 36 hjASP groups. In only the 36 hjASP group, of the 24 h and 36 h groups, where the experimental limbs could be divided into those that appeared to have either a grossly normal or abnormal morphology, the mitotic index of the mesenchymal cells in the interdigital zones of the grossly abnormal limbs was noted to be significantly higher than in the normal-looking limbs. In the ASPj36 h group, the mitotic index in the grossly abnormal limbs (6n19) was observed to be significantly higher than that in the normal limbs (1n49). A relationship between vascular congestion and mitotic activity was also noted. In the 4 hjASP group, mitotic activity decreased in the presence of vascular congestion, and this was especially evident in the interdigital spaces. In the 8 hjASP and subsequent groups, vascular congestion and\or dilatation did not appear to interfere with mitotic activity ; even in the most severe cases of vascular congestion, mitotic activity could be observed in the proximity of the marginal vein and its associated vascular network.
Dead cells and the recruitment of macrophages
Dead cells may readily be distinguished from apoptotic bodies because of the presence in the former of dark, evenly-stained and spherical features (Fig. 1 b) (Hopkinson-Woolley et al. 1994) . These can also be found as early as 0n5 h after ASP, though similar cells were not usually observed in the control limbs at this time. No evidence of the recruitment of macrophages to the vicinity of these dead cells was observed, as these cells could not be unequivocally identified in these paraffin sections, and accordingly without the use of appropriate histochemically labelled cells (Hopkinson-Woolley et al. 1994) , we are unable at the present time to confirm this phenomenon. 
* See Materials and Methods section for definition. ** The 5 % critical value for χ# " is 3n86 ; therefore all findings significantly different except for those from the ASPj8 h group. *** These figures differ slightly from the mitotic index figures shown in Table 1 because they have been calculated using the approach shown in the Appendix.
Additional information gained from the analysis of hindlimbs
Analysis of the contents of the marginal vein in the nonexperimental ' external ' control and ' internal ' control groups at 0n5 h consistently revealed that exposure to anaesthesia alone, even at this time, induced a marked degree of congestion in this vessel (Fig. 4 a, b) . In all instances, in the 0n5 hjASP group, evidence of haemorrhage at various sites along the marginal vein was also seen (Fig. 4 c) , a phenomenon which was not observed in any of the forelimbs analysed at this time, although it was observed at later times. In 1 of the 36 hjASP group an example of a precartilaginous ' bridge ' was observed in the distal part of the intervening interdigital zone which linked the distal parts of 2 of the central digits. This would, almost certainly, have given rise to a skeletal abnormality of the digits (a form of acrosyndactyly) in which 2 of the distal phalanges would be joined by a skeletal ' bridge ' (Fig. 2 h, i) .

Based on the fact that the apoptotic bodies observed in the control limbs are initially only found in association with the marginal vein, it appears likely that apoptosis in the peripheral region of the interdigital space may be triggered by factor(s) such as oxygen released from the vascular system. In the light of the experimental findings reported here of diminished numbers of apoptotic bodies in the proximity of the marginal vein shortly after amniotic sac puncture, and their almost complete absence some hours later in the interdigital zone, we would wish to hypothesise that the venous congestion that occurs due to the prolonged period of bradycardia (Chang & Kaufman, 1997) following amniotic sac puncture inevitably leads to a dramatic decrease in the oxygen supply to the target tissues as the arterial supply becomes impeded. Accordingly, it would appear that the principal role of the marginal vein is to function as the arterial supply to the developing autopod ; clearly this vessel also has important typically venous functions. It appears likely therefore that the cascade of events that normally leads to programmed cell death in this region may have a vascular trigger, and probably requires an adequate blood supply to the target area. Fewer apoptotic bodies were observed in experimental limbs when the marginal vein was dilated and congested compared with the situation observed in matched control material. If there are ' triggering factors ' produced by other tissues which are brought to the interdigital zones through the blood supply, then their diminution is also likely to have an inhibitory effect on apoptosis. It has been postulated that reactive oxygen species can be produced by the ischaemia\reperfusion mechanisms after vascular disruption and hypoxia during embryogenesis in the rat (Fantel et al. 1992 a, b) . It is also relevant in this context that the proto-oncogene, bcl-2, which can block apoptosis is believed to function as an apoptotic inhibitor through its antioxidant pathway (Hockenbery et al. 1993) . Alternatively, the original ' initiation ' message for apoptosis may arise from the apical ectodermal ridge (AER) and, under normal circumstances, be boosted by vascular factor(s) delivered to the site by the marginal vein. ' internal ' control (b) and experimental limb (c). In the latter 2 groups, the limbs were isolated at 30 min after the experimental side was subjected to ASP. The ' external ' control limb was removed from an embryo that had been isolated from a female that had not been exposed either to an anaesthetic or ASP, at a similar time to those exposed to ASP 30 min previously. a-c, i400.
Amniotic sac puncture, therefore, for reasons that have yet to be fully established, but probably as a result of the loss of amniotic fluid and a consequent increase in the pressure within the amniotic compartment (see Introduction), results in a transient period of bradycardia lasting about 1n5-2 h (Chang & Kaufman, 1997) . This almost immediately produces venous stasis within the marginal vein of the handplate\footplate and a reduction in the oxygenation of the subjacent tissues. As a consequence of the latter, we believe that the normal sequence of events within the interdigital zone is, at least temporarily, disrupted. This will almost certainly have a long-term effect on the sequential events that lead to the normal development of the hand and footplate, probably by locally interfering with the genetic control of apoptosis in the interdigital zones.
Inhibition of programmed cell death in the interdigital zone was also observed in chick embryos either following the removal of the AER (Hurle & Gan4 an, 1987) or after the injection of Janus Green B (Fallon, 1972 ; Fernandez-Teran & Hurle, 1984) into the amniotic cavity. In both cases, the epithelialmesenchymal interaction at the peripheral margin of the limb-buds was interrupted and the apoptotic program in the interdigital zones inhibited. Mesenchymal cells in these regions, instead of dying, differentiated to form ectopic cartilaginous elements (Hurle & Gan4 an, 1987) . In the mouse mutant hemimelia-extra toe (Hm x ), abundant mitotic activity is observed in regions of mesenchyme where extensive evidence of apoptosis is usually seen in the normal limb (Knudsen & Kochhar, 1981) . This strongly suggests that the interdigital mesenchymal cells probably possess a number of preset programs, so that a certain set of circumstances normally leads to a particular response. Although most cells in this region normally disappear as a consequence of programmed cell death, it is possible that the vascular changes that occur as a consequence of amniotic sac punctureinduced bradycardia may interfere with these apoptotic message(s), and stimulate the interdigital mesenchymal cells into other (aberrant) programs. This is likely to be the explanation for our recent finding of the abnormalities of, but particularly fusion and skeletal ' bridges ' between, the distal phalanges (acrosyndactyly ; see Fig. 2 h, i, this paper, and fig.  2 d, e ; Chang et al. 1996) in the limbs of experimental fetuses following amniotic sac puncture, in which no other skeletal lesions were observed in the limbs, despite the presence of partial or complete syndactyly (Chang et al. 1996) . This probably explains the finding in the (8 hjASP) group in which extensive evidence of mitotic activity was observed around the marginal vein, while the incidence of apoptosis normally observed at this site appeared to be dramatically reduced.
By studying the presence of the antibody (F4\80) produced by monocyte-derived macrophages, Hopkinson-Woolley et al. (1994) demonstrated that recruitment of macrophages occurs in the vicinity of dead\necrotic cells which, in their study, increased in number in association with a burn lesion induced on d 12 (E11n5), although an excisional wound was not able to attract macrophages until as late as d 15 (E14n5), presumably due to the greater number of dead\necrotic cells associated with a burn. In our study we observed clusters of dead\necrotic cells in the interdigital zones of the limb bud within 30 min after amniotic sac puncture (carried out at 10n00 on d 13), and believe that these would also be expected to attract large numbers of macrophages, as was observed in the burns study (see above). During their clearing of the dead\necrotic cells in the interdigital areas, these macrophages may also bring growth factor(s) to the interdigital zone, and thus stimulate cell proliferation (Chang & Kaufman, 1997) . The combination of increased cellular proliferation, and reduced apoptosis inevitably leads to some degree of syndactyly.
Our findings we believe are consistent with the view that during the early differentiation of the autopod, a relatively small proportion of the mesenchymal cells in the interdigital zone are involved in cell proliferation, others are removed through apoptosis, while yet others remain either in an undifferentiated state or, under special circumstances, may be capable of differentiating into precartilaginous cells. During the normal development of the autopod, relatively few cells die through the process of necrosis. This situation is in marked contrast to that observed in the experimental limbs (see Results section) where necrotic cells are commonly encountered in the interdigital zones. The most likely explanation for this phenomenon is that these cells die primarily because they receive an inadequate level of oxygenation\ nutrition, and that this is as a direct consequence of the transient period of amniotic sac-induced bradycardia (see above) observed in this model which occurs during a critical period of limb\digit morphogenesis. Syndactyly almost certainly results from an alteration in the dynamic equilibrium between these various factors occurring within the interdigital zone.
The possible explanation as to why the decrease in mitotic activity was observed at specific early times after ASP could be due to a diminution in the blood supply to these regions, while the increased mitotic activity observed at later times after ASP might be a consequence of the inhibition of apoptosis. Since this is the first report which has examined the activities of subpopulations of cells within the mouse autopod following ASP, we are unable to compare our findings with those of other researchers working in this field.
The experimental findings reported in this study are, however, in general terms, similar to those reported previously in the rat (Love & Vickers, 1972 ; Singh & Singh, 1973 ; Kennedy & Persaud, 1977 ; Houben, 1984) , that dysmelia following amniotic sac puncture appears to be related to an interruption in, or interference with (often transient), the vascular supply to the autopod, and that as a consequence abnormal patterns of development, such as acrosyndactyly were commonly observed. What was particularly surprising to us was that relatively brief periods of vascular disruption induced following ASP could produce the extensive developmental lesions reported here. By contrast to the findings reported by Kennedy & Persaud (1977 ;  see also other references cited above) we excluded all dead embryos from our analysis. While this has undoubtedly influenced the severity and incidence of the lesions observed, we believe that this nevertheless provides us with a realistic indication of the incidence of gross limb lesions observed in those fetuses that would have survived to term following ASP, most of which are less severe than the most extreme types of limb abnormalities observed clinically following cvs.
At 30 min after ASP in rats, ultrastructural examination revealed that although the AER apparently remained unchanged, intercellular contacts between the ectomesodermal interface showed early evidence of disruption ; the filopodial connections to the basement membrane became stretched and possibly damaged (Houben & Huygens, 1987) , but apparently showed evidence of recovery within about 24 h. Although ASP in rats often produces a more severe spectrum of limb defects than observed in our mouse model, it is likely that similar ultrastructural anomalies may also be observed in the mouse. Accordingly, we plan to complement the present study with an ultrastructural analysis of similar material.
By displaying the histological evidence of the consequence of vascular disruption following ASP, we believe that our model sheds light on the pathogenesis of the limb abnormalities occasionally seen following cvs when this procedure is undertaken clinically during early pregnancy. This report describes a means of investigating the possible mechanisms of soft tissue syndactyly following cvs.
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